D evelopment in marine engineering
When Dorey joined the Society's staff, the propulsion machinery for merchant vessels usually consisted of a steam reciprocating engine direct coupled to a propeller. Steam turbines were used in installations of high power. The earlier steam turbines had been direct coupled; but these had been superseded by lighter turbines of higher speed geared to the propeller. The fuel burnt under boilers was gradually changing from coal to oil. Oil engines were used to some extent and were increasing in rating.
In the course of Dorey's service, steam pressures and temperatures in tur bines were increased but (save in a few experimental instances) lagged well behind those regularly used in land steam turbines. Exhaust turbines were used to a limited extent with reciprocating steam engines, but reciprocating steam engines were gradually replaced by heavy oil engines.
By the time of Dorey's retirement, oil engines, either direct coupled or with reduction gearing, were predominantly used in the merchant navy. Steam tur bines were used at high ratings and in certain ships at more moderate ratings. Gas turbines were in experimental service only.
The British marine engine industry was in a fragmented state in Dorey's earlier years. Almost every shipbuilder had his own engine shop. This arrange ment, although satisfactory for reciprocating steam engines, was less well suited to steam turbines and reciprocating oil engines. Steam turbines and oil engines were often built under licence to another firm's design. There was considerable variation in standards of practice amongst material and engine manufacturers; echoes of this can be found in Dorey's papers.
These conditions gave great scope for specification and inspection by a classification authority. They also provided scope for someone outside the marine engine industry to lead the way in promoting technical improvements -an opportunity which was repeatedly taken by Dorey.
W ork for L loyd's Register of Shipping
The background of Dorey's work is expounded in his Thomas Lowe Gray Lecture of 1941 to the Institution of Mechanical Engineers (18), Progress in marine engineering as influenced by the classification of ships. The impetus for classification of ships came primarily from the needs of underwriters. Lloyd's Register became the 'forerunner and prototype' of all other classifica tion societies. Classification, originally 'a division by groups in order of merit', has come to imply compliance with a single standard of quality. The Society has taken care to ensure that its classification shall not place any obstacle in the way of logical technical advances.
Dorey emphasizes the international character of the Society with Committees in various foreign countries. Over a number of years, 85% of the merchant ships built in Britain and 70% of all built in the world had been supervised by the Society's surveyors.
He points out that failure or damage is potentially far more disastrous at sea than on land, and that this has led to slow development and safe design requirements on the part of shipbuilders, marine engineers and their insurers. He comments that experience through surveys indicates the lines upon which research for improvement in reliability should be directed. He provides some information for estimating the possibilities of new materials or methods of workmanship. He stresses the importance of adopting, as a basis for new rules in design or construction, proven successful experience rather than theoretical consideration; and points out that the rules must be elastic, and adaptable to new developments.
In another major lecture-his 1950 Presidential Address to the Mechanicals (37)-he states that it is in the sphere of what he terms 'technical exploration' that he found the most stimulating interest in his work. He adds: 'in so far as this is successful in helping to explain or avoid machinery breakdown, or in facilitating approval of new propositions or new materials, or in formulating new rules to keep abreast of current engineering developments with due regard to safety, to that extent may it perhaps be said to yield its own satisfaction'.
In the same lecture he gave some of the reasons why he had always endea voured to foster the scientific outlook in the younger marine engineer. The increasing variety and complexity of the problems encountered necessitates special selection and training of those required to occupy the higher executive positions, where breadth of experience and outlook is vital.
N on-marine activities
When Dorey was appointed Chief Engineer Surveyor, the Society had few responsibilities outside the marine field. The shipbuilding industry was de pressed and the Society's technical resources underloaded. At the same time there was a growing demand from oil companies for the inspection of heavy refinery and other equipment installed in remote places overseas. Lloyd's Register had well-qualified surveyors at the principal ports throughout the world. The first oil company to arrange for systematic inspection services on land plant was the Anglo Iranian Oil Company; other oil producers soon followed.
Dorey realized the advantages to be gained by liaison in technical progress between land and marine practices. The specification and inspection system for welding of pressure vessels which Dorey pioneered a little later was applic able to both land and marine equipment. In the course of a few years the Society became recognized as a major inspecting authority for land plant.
T he Engineering Research D epartment
Dorey carried out little detailed research work himself. He was an organizer and user of research. He made extensive use of material and other test informa tion from the Engineering Division of the National Physical Laboratory.
He came to the conclusion that Lloyd's Register required an Engineering Research Department of its own. This was established in 1935 under G. H. Forsyth. The primary function of the Department was to investigate cases of machinery breakdown on ships. For the first few years it dealt mainly with shafting problems, particularly torsional vibration. Later its activities extended widely; it provided a service to shipbuilders and shipowners on many technical problems, and collected information which assisted in the revision of the Society's rules for the construction and survey of marine equipment. The Department's work is reported in a number of Dorey's papers; reference to some instances is made in later sections of this memoir.
He realized the importance of the provision and development of the best available measuring and recording equipment of various types. He took a special interest in wire-wound electrical resistance strain gauges, both in steady-state and in dynamic operating conditions (37, 38). Dorey's experience was of great value during his membership of the Com mittees concerned with the establishment and management of the National Engineering Laboratory at East Kilbride.
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M aterials in marine engineering
In two remarkable lectures near the end of his active career, Dorey gives a comprehensive review of the materials used or of potential use in marine engi neering. These lectures are his 1954 Presidential Address to the Institute of Metals (41) which deals with non-ferrous materials, and the 1955 Andrew Laing Lecture (43) which deals with ferrous materials. No attempt is made here to summarize these lectures, but some comments are made on the general situation as seen by Dorey.
The corrosive nature of marine environments makes service conditions more arduous than in many non-marine applications. Conditions are particularly difficult for service in seawater where there is also exposure to erosion and abrasion. Corrosion is however promoted in many marine components not directly exposed to seawater, and phenomena such as corrosion fatigue play a major part in influencing choice of material.
Non-ferrous materials are used in marine practice in many cases where ferrous materials would have been the choice in corresponding land service. The non-ferrous materials are in general more expensive, and although more resistant to corrosion they have operating problems of their own.
Dorey expresses the view (in the context of non-ferrous materials) that in recent years there had been a tendency for the theoretical and scientific aspects to be overstressed at the expense of practical considerations. He states that close co-operation between engineer and metallurgist is desirable in order that the most efficient and economical selections of material may be made.
Among ferrous materials, plain carbon steels continued to predominate for structural purposes. New fabrication and treatment processes were in use. Many alloy steels had been tried, but were sometimes no better than plain carbon steels in corrosion fatigue.
He states that the marine engineering industries had always kept to a policy which gives preference to the most efficient and simplest materials. Designers, builders and owners were highly conscious of new materials and new processes as they became available. Selection involving changes required careful considera tion, and caution was both essential and justified.
D efects in marine machinery
Dorey's business was largely concerned with the recognition of defects when they occurred in machinery and structures and with means of protection against defects. References to defects found in manufacture or in service are widespread in his papers; some of the papers (notably 6 and 12) deal speci fically with defects. The vast amount of information available to Dorey is illustrated by the statistics which he quotes. In paper 6, he gives the results of inspection of screwshafts in service over a period of ten years to 1934. The number of shafts examined by the Society's surveyors was 46 478. Of this number, 204 (0.44%) had broken in service and 1483 (3.20%) contained cracks. He lists the position of cracks discovered in the shafts. Over 60% of the cracks were in the short portion of the shaft which was outside the ship and was therefore particularly exposed to corrosion. Dorey gives particulars of typical defects in various components in consider able detail, with illustrations and with discussion of the design, the manufac turing techniques and the operating conditions involved. These show the comprehensive view which he took of the circumstances influencing failure. He explains the reasons for provisions in specifications which might other wise appear to be unnecessarily restrictive.
He points out the preponderance of defects as compared with complete breakdowns. He emphasizes the necessity of careful control of certain manu facturing operations, and the importance of a high standard of maintenance and of systematic inspection in preventing defects from developing into failures. Many of the serious failures are fatigue failures; they are usually but not always associated with vibration. The magnitude of fatigue stress in vibration, and its tendency to set up fatigue cracking, are influenced in a complicated way by interacting design, material and operating conditions. Dorey kept in close touch with the development of non-destructive testing methods for the detection of flaws. He took special interest in radiography techniques; he specified radiographic inspection as required in class I welding for the whole length of the weld. He investigated and utilized magnetic and ultrasonic methods of crack detection as they became available.
W elded joints
Dorey's work on welded joints in pressure vessels was of outstanding value to engineering progress. This work was at first subject to criticism in certain marine engineering circles, but was welcomed and widely applied in non marine fields. A number of Dorey's papers (including 5, 7, 9, 15, 17, 29 and 37) deal with aspects of the welding problem.
During the 1920s there had been considerable development in the electric welding of pressure vessels for the oil industry; American firms led the way in this. British manufacturers, including manufacturers of water-tube boilers, also carried out experimental work during this period. They met with some technical difficulties; they also experienced reluctance on the part of insurance companies to accept such a revolutionary method of producing boiler drums, in comparison with the accepted methods of solid forging and mechanical riveting.
Dorey became convinced of the importance of welding pressure vessels, and from about 1930 devoted much attention to this subject. He visited a number of works in Britain and abroad and collaborated with boiler makers in exami nation of their problems.
He dealt particularly with class I pressure vessels. This class covers all fired and unfired pressure vessels in which the calculated tensile stress exceeds certain specified figures; also pressure parts of boilers and fired pressure vessels in which the working pressure exceeds 50 lb/in2 (0.35 MPa). He came to the conclusion that in these vessels the entire length of longitudinal and circumferential welded joints must be subjected to radiographic examination; and that welding could only be accepted when carried out by an approved firm under stringent regulations specifying materials, methods, quality of the welding and qualifications of the welders.
In 1934 Lloyd's Register published tentative rules governing the construc tion of class I welded pressure vessels. These were at first applicable only to pressure vessels for land purposes, but after some experience were extended to the marine field. In 1938 the rules were adopted in permanent form and were included in the Society's Rules for the Construction and Classification of Ships. At that time they were the only British rules for the construction of welded pressure vessels.
In 1935 Dorey played an important part, in conjunction with Dr H. J. Gough, F.R.S., in a welding symposium organized in London by the Iron and Steel Institute. Paper 5 was presented on this occasion. One outcome of this meeting was the formation of the Welding Research Council which led in course of time to the setting up of the British Welding Research Association. Dorey also dealt with fabrication by welding of large casings for low pressure steam turbines, reduction gears and condensers, and of bedplates and entabla tures for oil engines. Fabrication of these parts led to improved power-weight ratios, and was found in the 1939-45 war to give increased resistance to under water explosions.
Outside the marine field, Dorey's rules were extensively applied in welding chemical and oil refinery plant; a large number of pressure vessels were con structed under supervision of the Society's surveyors in various parts of the world. Welding in pipeline construction was similarly supervised.
Boiler tubes
During Dorey's earlier years on the Society's staff, the trend towards higher pressures and temperatures in steam turbine plant was limited, in British marine applications, by the restrictive effect of the unified rules of the Board of Trade and the classification societies on the thickness of tubes for water tube Biographical Memoirs boilers. They called for great tube thickness at the higher pressures. Dorey made a study of this problem and published the results in 1930 (1). He pointed out that tube stress is determined by the joint effect of the stress due to internal pressure and the thermal stress associated with heat transfer; the latter stress is increased with increased tube thickness. At a given internal pressure with given rate of heat transfer, there is a wall thickness which gives minimum combined stress. For conditions representative of those in marine boilers, boiler pressures above 250 lb/in2 (1.72 MPa) gave optimum tube wall thicknesses much less than called for by the existing rules. He made proposals for new rules for high pressure boiler tubes.
The paper was on the whole favourably received, and new rules were later issued calling for tube thicknesses only slightly in excess of Dorey's proposals.
M arine engine shafting
Dorey's contributions to improving the safety of marine engine shafting were of outstanding importance.
From the earliest days of screw propellers there had been a number of perplexing failures of screwshafts. In the 1920s there was increased incidence of these failures, associated partly with the increasing number of heavy oil engines in service. Marine engineers ascribed these failures to a wide variety of causes, including design faults, bending fatigue consequent on wear in journal bearings, defective forgings and corrosion fatigue. All these no doubt played some part, but it was gradually realized that torsional vibration was a major contributory cause. The possibility of torsional vibration in the pro pulsion system had been known since 1902 or earlier, but it does not seem to have been given widespread consideration until the late 1920s.
In a propulsion system consisting of steam or oil engine directly coupled to a propeller, torsional disturbances arise in the engine and the propeller. The frequency of each component of disturbance is obvious and an assessment of the magnitude can usually be made. In a geared system, additional disturbances can arise in the reduction gear, but the frequency and magnitude are not obvious; they depend on the accuracy of gear cutting. The amplitude of tor sional vibration is unlikely to be serious unless there is near resonance between one of the natural frequencies of the system and one of the disturbance components.
In his first attack on the torsional vibration problem, Dorey endeavoured to calculate amplitude and stress in torsional vibration for particular cases. He found that the magnitude of torsional damping was unknown, except for damping of the propeller, which was of importance only in the lowest mode of vibration. In endeavouring to assess engine damping, he carried out tests on the elastic hysteresis of crankshaft material (3). His results showed that the material damping was very small and had little influence on torsional amplitude.
He next collected and analysed statistics of shafting troubles. Reference has already been made to the huge amount of information available. One conclu sion was that corrosion fatigue had a major influence in shaft failure. Another conclusion was that ships with propulsion machinery aft, and therefore with shorter shafting, were more liable to failure than those with propulsion machinery amidships.
He also analysed statistics of crankshaft failure on heavy oil engines. The incidence of failure on crankshafts was less than on screwshafts, but was sufficient to constitute a serious problem in service. His examination of cases of failure confirmed the importance of designing to avoid stress concentration and of close control of manufacturing methods.
The Society's Engineering Research Department, set up by Dorey in 1935 as previously mentioned, was engaged mainly on investigations arising out of shafting failures during the next few years. Its work included taking torsiograph observations on ships. It was found that in many cases, machinery had been running closer than expected to torsional critical speeds, and that in some cases torsional stresses were aggravated by shaft bending stresses. Recur rence of failure was prevented in a number of instances by recommended modification of operating conditions. Information was collected which per mitted improved accuracy of torsional stress prediction and better assessment of safe torsional stress in vibration.
In 1939 Dorey read a paper to the North East Coast Institution of Engineers and Shipbuilders, Strength of marine engine shafting (16), which presented the major results of his work in this field. Among the subjects discussed were material; torsional vibration; axial vibration; alinement; shrink fits in built-up crankshafts; rough-weather stresses; and geared systems. He stated that on the basis of experience the strength of marine engine shafting could now be more closely estimated than had generally been done in the past. Appendices to the paper gave details of methods of assessment.
The paper gave rise to a lively and wide-ranging discussion in which a number of well-known marine engineers took part. In this discussion, G. A. Hankins of the National Physical Laboratory stated that it was the best example that had yet been given in this country of the application of fatigue test data to an important problem of engineering design.
During the 1939-45 war there was an increase in shafting failures, consequent on speed restrictions in convoy and on reduced opportunities of maintenance. In 1943, Dorey decided that builders should be asked to provide torsional critical speed calculations for both main and auxiliary oil engine installations when submitting for approval plans of the shafting; and in January 1944 this requirement was introduced into the Society's rules. In 1943 Dorey also arranged for his staff to prepare guidance notes on the limiting torsional vibra tion stress recommended under various conditions. These were not mandatory rules. The recommendations were revised in 1946. Their derivation is de scribed in paper 33.
In 1943, when large steel shaft forgings were in short supply, the Admiralty asked Dorey's opinion on a proposal to use welded coupling flanges. Dorey decided that full-scale fatigue tests would be required to answer this question; a torsional fatigue testing machine was built for these tests (34). The results showed that the torsional fatigue strength of the welded flanges was about half that of the equivalent forged flanges. The proposal was not adopted.
Statistics of failures of crankshafts in motorships, published (37) for the years 1934, 1935, 1947 and 1948, show the increased reliability experienced in the post-war years.
Reduction gearing
Dorey devoted much attention to the design and accuracy of manufacture of marine reduction gearing. He brought about substantial improvements in this field. His approach to the problem is illuminated by his 1942 Parsons Memorial Lecture (23), in which he reviews the work of Sir Charles Parsons, F.R.S., in the introduction and improvement of marine reduction gears.
In 1939 Dorey was requested to investigate a series of failures in the first reduction pinion in a design of double reduction gears of which a number of sets were in service (22, 37) . Investigation showed that failures of pinion teeth and of turbine blading were due to high frequency vibration excited by in accuracies in gear cutting. The investigation of torsional and axial movements involved the application, for the first time in this context, of recording oscillo graph equipment, with a sound level meter and wave analyser.
It was also revealed that the equipment then available for gauging errors on gear teeth was extremely crude. Dorey approached the Metrology Division of the National Physical Laboratory for assistance, and found that they had already been asked by the Admiralty to develop improved gauging equipment. The gauging and recording equipment developed by Dr G. A. Tomlinson proved extremely valuable, and revealed unexpected inaccuracies in gears of recent manufacture.
In 1943 Dorey was asked to participate in drawing up tentative standards of accuracy for gear hobbing machines and for turbine gears of all types. He was also asked by the Admiralty to carry out vibration and noise measurements in a number of naval vessels: these gave significant information on gearing inaccuracies and their consequences.
The results of this work were published in 1947 in paper 31. He showed that in current gears, improvement in respect of undulations, surface irregu larities and pitch errors would diminish both tooth stress and noise. These improvements would permit of increased specific tooth loading, and hence in reduction of diameter of gears, with a cumulative effect in facilitating accuracy of manufacture. He also showed that in current manufacturing technique, post-hobbing finishing processes were necessary to improve the accuracy of hobbed gears.
In 1950 he published representative instances of inspection of gear tooth finish, which show how considerably the products of the period 1948-49 had improved over those of the early war period (37).
Institutions and honours
Dorey played a prominent part in the activities of many technical institutions, boards and committees. The institutions of which he became President included the British Association of Refrigeration (1941) 
Biographical Memoirs
General
Dorey maintained the traditional probity of Lloyd's Register of Shipping while raising its engineering prestige to a higher level than ever before. He travelled widely and had an enduring reputation throughout the world. His advice was sought in many contexts. His outstanding technical achievements included the development of fusion welding as a recognized method of fabrica tion of boilers and pressure vessels; his contributions to the safety of marine engine shafting; his improvements in design and manufacture of reduction gearing; and, in general, his promotion of a scientific approach to problems in marine engineering, without subordinating the lessons of practical experience to this approach. Trans. Instn Naval Architects, 79, 50. Some special cases of defects encountered in marine engines and boilers.
